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Abstract
We explore the inflationary phase of a scalar field with a kinetic term non-minimally coupled
to gravity. We find that one of the slow-roll conditions is naturally consequence of the equation
of motion of the scalar field. Thus, slow-roll conditions impose fewer constraints on potentials
than other inflationary models. Moreover, it is demonstrated that the inflationary phase can be
described by just one slow-roll parameter. By investigating the metric perturbations, it is shown
that except for one potential, almost all potentials have the same pattern in the (ns, r) plane. We
provide an exact solution for the exceptional case. The exact solution represents the condensed
scalar field and results in an accelerated expansion.
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I. INTRODUCTION
Observation of the cosmic microwave background and large scale structure are consistent
with slow-roll inflation paradigm in which a scalar field rolls slowly down its potential [1].
To have slow-roll inflationary phase, certain slow-roll conditions are considered that lead to
some constraints on parameters of a model [2]. For example, consider a simple theory of
inflation described by the following Lagrangian
L∫ =
√−g
[
R
2κ2
− 1
2
gµν∂µφ∂νφ− V (φ)
]
, (1)
where κ2 = 8πG, in the flat Friedmann-Robertson-Walker metric with signature (−,+,+,+)
and a as the scale factor. There exist two independent slow-roll conditions. The first of these
conditions is actually the definition of inflationary phase states that H˙/H2 ≡ ǫ≪ 1. Since
the evolution of the scalar field is given by a second-order differential equation, it is not clear
that the first condition holds over an extended period. So, the second condition is required
in which we demand that φ¨≪ Hφ˙.
Also, to determine the details of models from observations, various slow-roll parameters are
used such as ǫ, η ≡ ǫ˙/Hǫ, χ ≡ η˙/Hη. The parameters are used to determined the specific
potential term in (1) for the inflation era [1]. Since the shape of the potential term is
important to study high energy physics, the values of these parameters connect cosmology
to particle physics.
In this paper we introduce a model for which we need just one parameter, ǫ, to describe
slow-roll inflation phase. The model is given by the following action
S =
∫
d4x
√−g
[
R
2κ2
− gµν∂µϕ∂νϕ++1
2
α2Gµν∂µϕ∂νϕ− V (ϕ)
]
, (2)
where Gµν is the Einstein’s tensor and α is an inverse mass parameter. We have chosen +
sign for the second term because for the de Sitter space we have Gµν ∝ −gµν , so the scalar
filed in (2) has the same dynamics as the scalar filed in (1) in the de Sitter space.
The third term is one of the operators of the Horndeski’s scalar-tensor theory [3]. Thus, in
this model we confront with second-order differential equations. C. Germani et al studied
V (ϕ) = λϕ4 for ”the new higgs inflation” [4, 5] and extended their model for other cases
in [6]. It has been shown that a new type of inflationary phase arises when the third term
dominates over the standard kinetic term [4, 6]. So in this paper we will focus on this type
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of inflation and we will neglect the second term in the action (2).
Compared to the other works [4, 6], we have two new results. The first result is that for
V (ϕ) = M6/ϕ2 background equations can be solve exactly and metric perturbations will
be obtained. The second result is to show that up to the first order in ǫ, in contrast to the
simple model of inflation (1), the values of measurable quantities of the inflationary regime
of this model are almost independent from the form of the potential term in (2), as is shown
in Fig. 1. Also, the model gives values for the parameters which are agreement with the
Planck data in [1].
The organization of this paper is as follows: in Sec. II an exact solution for a special
potential is given and the metric perturbations of the solution is discussed. we show that
the scalar field is condensed and results in accelerated expansion. Sec. III is devoted to
study the background and the metric perturbations of general potentials. We show that
many features of the exact solution are similar to other potentials. We summarize our
findings and discuss about the results in Sec. IV. In Appendix the second order actions for
the metric perturbations, in which V (ϕ) 6= 0, is given.
II. EXACT SOLUTION
In this section we consider V (ϕ) = M6/ϕ2 and the exact solution for the model is
provided, which is also the attractor solution. Many properties of the solution, are similar
to other potentials. So, it can be used to check many results and approximations in the next
section. As we will see, the unique feature of this case is that inflation would not end [2].
Let us show that the following solution is the exact and the attractor solution of the model
for the stated potential:
ϕ = M2t, H =
1
ǫt
, (3)
where M is a constant with dimension of mass which is determined by
α2κ2M4 =
2ǫ
3 + ǫ
, (4)
and ǫ < 1. Thus, the scalar field is condensed and results in an accelerated expansion phase.
We first prove the above statements and then investigate the metric perturbations for the
solution.
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A. Background cosmology
The Friedmann equation and the equation of motion for the scalar field are obtained as
[4]
H2 =
κ2
6
[
ϕ˙29α2H2 + 2V (ϕ)
]
, (5a)
ϕ¨− 3Hϕ˙weff = − 1
3H2α2
dV (ϕ)
dϕ
, (5b)
where weff is the effective equation of state
weff = −1 − 2
3
H˙
H2
. (6)
For V (ϕ) = M6/ϕ2, by inserting (3) in (5a) it follows that
κ2M2 =
3(3− 2ǫ)
ǫ2(ǫ+ 3)
. (7)
So, at this step, we have an upper bound ǫ < 3/2 which results in weff < 0.
Inserting (3) in (5b) yields
α2M2 =
2ǫ3
3(3− 2ǫ) . (8)
Therefore, Eq. (4) follows from Eqs. (7) and (8).
Just for a comparison between this case and other potentials in the next section; by com-
bining expressions in (4), (8) and taking ǫ≪ 1, it turns out that
αM ≪ α2κ2M4 ≪ 1 (9)
To show that the solution is attractor solution, consider a small perturbation δϕ as ϕ =
M2t + δϕ. Using (5b) and the following relation
weff = −1 − 2
3
ǫ, (10)
it turns out that
δϕ¨− 3
ǫ t
weffδϕ˙− 9
ǫ t2
weffδϕ = 0. (11)
So, δϕ has power law solution as δϕ ∝ tξ, where ξ satisfy in the following equation
ξ2 −
(
3
ǫ
weff + 1
)
ξ − 9
ǫ
weff = 0. (12)
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We pointed out that weff < 0, so if we demand that
3
ǫ
weff + 1 < 0 (13)
The both solutions for k have negative real part an then both solutions for δϕ decay for
increasing time, while ϕ itself is increasing.
Using Eq. (10) and the above condition, we have
ǫ < 1. (14)
Therefore, by just demand reasonable conditions for our solution, the accelerated expansion
is emerged.
B. Metric perturbations
The second order action for the metric perturbations are given in [6] and we quote the
results in the appendix.
So far,we have shown that to have inflationary era for V (ϕ) = M6/ϕ2, it is not necessary
to demand slow roll approximations. As we will see,this aspect of the model gives different
predictions for this potential with respect to the other potentials [2].
We use comoving gauge in which the scalar metric perturbations, ζ , and the tensor metric
perturbations ,γij, are defined as
δϕ = 0 hij = a
2[(1 + 2ζ)δij + γij], (15)
where ∂iγij = 0, γ
ii = 0. For the scalar metric perturbation, from Eqs. (3) and (A1) it
follows that
Ss =
1
κ2
∫
d4xD2s
[
c2saζ∂
2ζ + a3ζ˙2
]
. (16)
Where
D2s ≡
ǫ(4ǫ+ 3)(1− 2
3
ǫ)2
(3 + ǫ)
(1 +
2
3
ǫ)
3
2 , (17)
and the speed of sound is
c2s ≡
(9 + 4ǫ)(3− 2ǫ)
3(3 + 2ǫ)(3 + 4ǫ)
. (18)
To obtain (16), we also re-scaled the scale factor as
a→
√
1 +
2
3
ǫ a. (19)
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When we want to study the tensor metric perturbation, the reason for the above re-scaling
will be clarified. Of course we must it for the background quantities and the tensor metric
perturbation. Here ǫ is just a number, so the re-scaling H → H .
Also, note that since 0 < ǫ < 1, from the above expression it turns out that 0 < c2s < 1.
Here Ds and c
2
s are just numbers. We represent them to compare them with our results in
the next section, in which the calculations are done to first order in ǫ. For ǫ≪ 1 we have
D2s = ǫ+O(ǫ2), (20)
and
c2s = 1−
20
9
ǫ+O(ǫ2). (21)
From (16), by variation with respect to ζ and using the Fourier modes of ζ as
ζ =
∫
d3k
(2π)
3
2
ζke
i~k.~x, (22)
it turn out that
ζ¨k + 3Hζ˙k + (
csk
a
)2ζk = 0. (23)
Using conformal time, τ =
∫
dt
a
, Eq. (23) becomes
ζ ′′k −
2
(1− ǫ)τ ζ
′
k + (csk)
2ζk = 0. (24)
Where ′ denotes derivative with respect to τ .
The above equation has two solutions as (−τ)νH(1)ν (−cskτ) and (−τ)νH(2)ν (−cskτ). Where
H(1)ν (x) and H
(2)
ν (x) are the Hankel functions, for which H
(1)
ν (x) = H
(2)∗
ν (x), and
ν =
3
2
+
ǫ
1− ǫ. (25)
From asymptotic behavior of the Hankel function, the inside the horizon limit, −cskτ ≫ 1,
is given by
ζk → (−cskτ)ν− 12 (csk)−ν exp[i(−cskτ − ν π
4
− π
4
)]. (26)
Here, the Bunch-Davies vacuum is adopted and we take H(1)ν (x) as the solution.
Also, the outside the horizon limit, −cskτ ≪ 1, is given by
ζk → (csk)−ν . (27)
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Therefore, the power spectrum can be obtained from
< ζkζk′ >|kcsτ=−1 =
2π2
k3
Psδ
3(k + k′), (28)
which results in
Ps = As
c−2νs
2π2
k3−2ν , (29)
where As is the scalar amplitude.
Thus, the spectral index of scalar perturbation is obtained as
ns = 4− 2ν. (30)
As for the tensor metric perturbation, γij, by using (3) and (A5) we have
ST =
3
8(ǫ+ 3)κ2
∫
d4x
[
(1 +
2
3
ǫ)aγij∂
2γij + a
3γ˙ij
2
]
. (31)
Now, to absorb (1+
2
3
ǫ) into the scale factor, we can use (19). We pointed out that we must
apply it for the background quantities and the tensor metric perturbation, as we did it. So,
using (19) it turns out that
ST =
D2t
8κ2
∫
d4x
[
aγij∂
2γij + a
3γ˙ij
2
]
, (32)
where
D2t ≡
(1 + 2
3
ǫ)
3
2
1 + ǫ
3
. (33)
So, again just for calculations in the next section, by taking ǫ≪ 1 results in
D2t = 1 +O(ǫ). (34)
From (32), variation with respect to γij and using the following Fourier representation
γij =
∫
d3k
(2π)3/2
∑
s=±
ǫsij(k)γ
s
k(t)e
i
−→
k .−→x , (35)
where ǫii = k
iǫij = 0 and ǫ
s
ij(k)ǫ
s′
ij(k) = 2δs′, leads to the following equation for the two
polarization modes of the gravitation waves(+ and −)
γ¨sk + 3Hγ˙
s
k + (
k
a
)2γsk = 0. (36)
Thus, in terms of the conformal time, τ , we have
γs
′′
k −
2
(1− ǫ)τ γ
s′
k + k
2γsk = 0. (37)
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The above equation is similar to (24), and inside the horizon limit, −kτ ≫ 1, is obtained as
γsk → (−kτ)µ−
1
2 (k)−µ exp[i(−kτ − µπ
4
− π
4
)], (38)
where
µ =
3
2
+
ǫ
1− ǫ. (39)
The outside the horizon limit, −kτ ≪ 1, is given by
γsk → (k)−µ. (40)
Therefore, the tensor power spectrum for each polarization mode of γij can be obtained from
< γkγk′ >|kcsτ=−1 =
2π2
k3
Psδ
3(k + k′), (41)
which results in
Pt =
At
π2
k3−2µ, (42)
where At is the tensor amplitude.
From (29), and (42) the tensor-to-scalar power ratio, r, is given by
r =
At
As
c2νs . (43)
At this step As and At are arbitrary constants. To normalized r, note that if ǫ → 0, i.e.
de Sitter limit, then cs → 1. But in de Sitter space Gµν ∝ −gµν , and the action, (2), takes
similar form as (1). Therefore, we can use the usual standard normalization which is
At
As
= 16ǫ, (44)
Thus
r = 16c2νs ǫ. (45)
If we take the following values for ns
0.95 < ns < 0.98 , (46)
from the above relations, we give
0.15 < r < 0.37 , 0.947 < c2s < 0.978 . (47)
As is shown by the dashed line in Figure 1. By comparing with the Plank data in [1], it
turns out that this potential is not suitable for the inflation era in the early Universe.
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III. OTHER POTENTIALS
In this section we prove the following statements and investigate consequences of them.
Apart from V (ϕ) = M6/ϕ2, for any potential in (2) the sufficient conditions to have infla-
tionary phase are ∣∣∣∣∂V (ϕ)∂ϕ
∣∣∣∣≪ ακ2V 3/2(ϕ), α≪ κV (ϕ). (48)
Note that the first condition in the above expression is consistent with (9). We will show
that why the second condition can not be applied for the exceptional case.
Also, for any potential in the inflationary phase we have
3
2
α2κ2ϕ˙2 ≃ ǫ≪ 1, (49)
which is also consistent with (9). Thus, although in general case the scalar field is not
condensed, it evolves very slowly during the inflationary phase.
A. Background cosmology
Consider situation in which the potential term in (5a) is dominated, i.e.
3
2
κ2α2ϕ˙2 ≪ 1, (50)
so, it follows that
H2 ≃ κ
2
3
V (ϕ). (51)
Hence
− H˙
H2
≃ −κ
2
6
V˙ (ϕ)
H3
. (52)
Multiplying Eq. (1.1.2) with κ2α2ϕ˙/H , and using ϕ˙
d
dϕ
=
d
dt
, then from (52) results in
3
2
κ2α2ϕ˙2
(
ϕ¨
3Hϕ˙
+ 1
)
= − H˙
H2
(
1 + κ2α2ϕ˙2
)
. (53)
Note that the above result is obtained without assuming inflation period.
Now, we first prove that during inflation era we have
3
2
κ2α2ϕ˙2 ≃ ǫ≪ 1. (54)
9
To obtain the above result, by imposing the slow-roll condition, ϕ¨≪ Hϕ˙, in (53) we have
3
2
κ2α2ϕ˙2 ≃ ǫ (1 + κ2α2ϕ˙2) , (55)
so
3
2
κ2α2ϕ˙2(1− 2
3
ǫ) ≃ ǫ. (56)
Thus, for the inflation period, ǫ≪ 1, we have
3
2
κ2α2ϕ˙2 ≃ ǫ (1 +O(ǫ)) . (57)
Note that the above result is consistent with (50).
Returning now to Eq. (53), by taking Eq. (54) it follows
ϕ¨
Hϕ˙
≃ 2ǫ≪ 1. (for ǫ˙ 6= 0) (58)
For ǫ˙ = 0, from Eq. (57) it turns out that ϕ¨ = 0, which is consistent with the results in the
last section.
The important point is that one can chose Eq. (54) as one of the slow-roll inflation condition,
which is actually done by (50), then Eq. (58) follows from Eq. (53).
To clarify the sharp distinction between this model for inflation and other models, recall
that to have a slow-roll inflation the following slow parameters are defined
ǫ, η ≡ ǫ˙
Hǫ
, χ ≡ η˙
Hη
, · · · . (59)
The above quantity should remain small during slow-roll inflation. They are defined to
demand suppression of the dynamics of a scalar field(s), which is usually caused by second
(or higher)-order differential in equations.
But in this model, From (54) and (58) it turns out that (to first order in ǫ)
η ≡ ǫ˙
Hǫ
≃ 2ϕ¨
Hϕ˙
≃ 4ǫ. (for ǫ˙ 6= 0) (60)
Therefore, we need just one parameter to describe the inflationary phase of the model.
Again, recall that usually the slow-roll parameters contain fingerprint of different potentials.
Thus, from the above statement, it seems that in this model various potentials have similar
behavior in the inflationary phase. We will show that this expectation is correct.
The number of e-folding can be read from (60) as
N ≡
∫ tf
ti
Hdt ≃ 1
4
∫ tf
ti
ǫ˙
ǫ2
≃ 1
4ǫ(ti)
. (61)
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Where, for the end of inflation we take ǫ(tf ) ≈ 0.1.
To represent inflationary conditions by potential, from (52) and (54), it follows that
√
ǫ ≃ 1
ακ2
∣∣∣∣ 1V 3/2(ϕ) ∂V (ϕ)∂ϕ
∣∣∣∣ . (62)
For ǫ≪ 1, the above result is agreement with (48). Note that to obtain the above condition,
we used the equations which are correct for every ǫ, so it can be applied for V (ϕ) = M6/ϕ2.
Using the definition of ǫ and Eq. (58), during inflationary phase, we have
ϕ˙ =
1
H2
. (for ǫ˙ 6= 0) (63)
Hence, the condition (54) can be read as
ακ≪ H2 ≃ κ
2
3
V (ϕ), (for ǫ˙ 6= 0) (64)
which is in agreement with (48). Here we used the equation which are not correct for ǫ˙ = 0,
so the above condition can not be used for V (ϕ) = M6/ϕ2.
By inserting (63) in Eq. (54), the Hubble parameter takes the following form during infla-
tionary phase
H3 = H3f −
9
2
α2κ2t, (for ǫ˙ 6= 0) (65)
where Hf is a constant of integration.
Finally, the field configuration for V (ϕ), can be obtained by (51) and (65).
As for graceful exit, From (60) it turns out that
ǫ˙ ≃ 4Hǫ2. (66)
Thus, ǫ is increased with time, although gradually, and the first term in Eq. (5a) will be
dominated. We pointed out that when V (ϕ) = 0 the scalar field is condensed and the
Universe behaves like a dust matter dominated universe [4]. To show that this point is
correct for general potentials, assuming κ2V (ϕ)≪ 3H2 in (5a) that results in 3
2
α2κ2ϕ˙2 ≃ 1.
So, by taking derivative with respect to time from (5a), it follows that
V˙ (ϕ) ≃ 2H˙
H
V (ϕ). (67)
Multiplying Eq. (5b) with κ2ϕ˙ and using the above results yields
weff = −1− 2
3
H˙
H2
≃ H˙
H2
κ2V (ϕ)
3H2
. (68)
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Thus, by using the stated assumption for this case, we lead to weff ≈ 0.
For V (ϕ) = M6/ϕ2, the assumption yields
κ2M2 ≪ 3
ǫ2
, (69)
which is inconsistent with (7). This result means that, for this case, the first term in Eq. (5a)
can not be dominated and inflation would not end, which is consistent with our statements
in the previous section.
B. Metric perturbations
We have shown that, except for V (ϕ) = M6/ϕ2, to have inflationary era we must demand
slow-roll approximation. As we pointed out, this case studied in [6]. Here we want to show
that how the results of [6] for other potentials can be compared with the exact result. . As
we will see the differences between results arise when we taking into account the dependence
of ǫ(t) on time in the general case.
From Eqs. (49), Eq. (A1) and using the fact that ǫ(t)≪ 1 we have
SS =
1
κ2
∫
d4xǫ(t)
[
c2saζ∂
2ζ + a3ζ˙2
]
. (70)
Where
c2s = 1−
20
9
ǫ(t). (71)
Note that the above results is almost similar to expressions in (16), with (20) and (21). This
point is not amazing, because to obtain the above results the higher-order terms, O(ǫ(t)2),
have been neglected.
Note that, for the same reason in the previous section, we applied (19). For the background
case, the re-scaling leads to
H → H (1 +O(ǫ(t))) , (72)
where Eq. (60) is used. So, the effect of (19) at the background level can be neglected.
Variation with respect to ζ from (70) , and using (22) results in
ζ¨ + 3H
(
1 +
4
3
ǫ(t)
)
ζ˙ +
c2sk
2
a2
ζ = 0, (73)
which is very similar to Eq. (23) with the extra term
4
3
ǫ(t), that comes from ǫ˙(t) and then
using (60).
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In terms of the conformal time, τ , the above equation takes the following form
ζ ′′ + 2Ha(1 + 2ǫ(t))ζ ′ + c2sk
2ζ = 0, (74)
where
d
dτ
(
1
Ha
)
= ǫ(t)− 1. (75)
To solve (75) the slow-roll approximation can be used [2]. So, to the first order in ǫ(t) we
have
Ha = −(1 + ǫ(t))
τ
. (76)
By inserting this expresion in Eq.(74), to the firs order in ǫ(t), we find
ζ ′′ − 2(1 + 3ǫ(t))
τ
ζ ′ + c2sk
2ζ = 0. (77)
Again, the two solutions are (−τ)νH(1)ν (−cskτ) and (−τ)νH(2)ν (−cskτ) but now
ν =
3
2
+ 3ǫ(t). (78)
Thus, using (29) and (78), the spectral tilt is
ns = 1− 6ǫ(t). (79)
Note that the above result is correct for almost all potential for which, ǫ˙(t) 6= 0, at the first
order in ǫ(t).
As for the the tensor metric perturbation, from (A5) and by taking into account (19) to
leading order we find
ST =
1
8κ2
∫
d4x
[
aγij∂
2γij + a
3γ˙ij
2
]
. (80)
The above action is the same as (32) for ǫ(t)≪ 1. Thus, we have
Pt =
At
π2
k3−2µ, (81)
where
µ =
3
2
+
ǫ(t)
1− ǫ(t) . (82)
Finally, using the standard normalization (44), the tensor-to-scalar power ratio becomes
r = 16c2νs ǫ(t). (83)
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Here, ν is given by (78).
Hence, if we take the following values for ns
0.95 < ns < 0.98, (84)
it follows that
0.052 < r < 0.129 , 0.981 < c2s < 0.992 . (85)
Also, from (61), the stated values for ns give
30 < N < 75. (86)
As a specific example, we have
ns = 0.96, r ≈ 0.1, c2s ≈ 0.985 , N ≈ 38. (87)
The ( ns, r) plane of the model is shown in Figure 1. By comparing with the Plank data,
it turns out that with other potentials the predictions of our model are consistent with
observation data.
To compare with other works in Ref. [4, 6], let us consider V (ϕ) =
1
2
m2ϕ2. This case
studied in section 7.2 of Ref. [5]. In this case the author obtained
ns = 0.97, r ≃ 0.08,N = 50(Ref.[5]forV (ϕ) = 1
2
m2ϕ2). (88)
which is completely agreement with the our results.
For V (ϕ) =
λ
4
ϕ4 in Ref. [4], the authors obtained
ns = 0.97, r ≃ 0.1,N = 56(fromRef.[4]). (89)
But we have
ns = 0.97, r ≃ 0.08. (90)
To find the source of small deviation from our prediction, note that in Ref. [4], the authors
obtained ns = 1 − 5ǫ, which follows from ϕ¨
Hϕ˙
=
3
2
ǫ(t) in Ref. [4]. But we have obtained
ns = 1−6ǫ which follows from Eq. (60). Note that we have proved Eq. (60) in general case.
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FIG. 1. The ( ns, r) plane of the model. Dashed line gives the results for V (ϕ) = M
6/ϕ2. Solid
line represents predictions of the other potentials.
IV. SUMMARY AND DISCUSSION
In the simple theory of inflation, i.e. (1), two independent parameters are used to control
the dynamics of the scalar field. The parameters can be related to the first and second
order derivative of the potential with respect to its argument. Therefore, a potential can be
determined via its pattern in the (ns, r) plane [2].
In this paper we analyzed a model in which almost all potential have the same pattern in the
(ns, r). In other words, we need just one parameter to describe the behavior of the model
in the inflationary phase. Actually one of the important difference between this model and
other models for inflation, is appeared in the left hand side of Eq. (5b). The present of H2 in
the denominator of the expression, suppresses evaluation of the scalar field by its dynamics.
Therefore, it is possible to give slow roll conditions without imposing condition on second
derivative of a potential.
By comparing the predictions of the model in Fig.1 to the Plank data in [1], we expect that
the future data from the Plank satellite help us to understand whether the model can be
used for the early Universe.
In this work, We have focused on the early Universe just to show facility of the model.
The exact solution in Sec. II shows that how by just demand reasonable conditions on the
solution, the accelerated expansion phase is arisen which itself is interesting result.
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Appendix A
In [5] The second order actions for the metric perturbations obtained.
The action for the scalar metric perturbation is given by
Ss =
1
κ2
∫
d4xa3
[
Γ2Σ
H2
ζ˙2 − ǫs
a2
(∂iζ)
2
]
, (A1)
where
ǫs ≡ d
adt
[
aΓ
H
(
1− κ
2α2φ˙2
2
)]
−
(
1 +
κ2α2φ˙2
2
)
, (A2)
Γ ≡ 2− κ
2α2φ˙2
2− 3κ2α2φ˙2 , (A3)
and
Σ ≡ κ
2φ˙2
2
[
1 +
3α2H2(1 + 3κ
2α2φ˙2
2
)
(1− κ2α2φ˙2
2
)
]
. (A4)
The action for the tensor metric perturbation is given by
ST =
1
8κ2
∫
d4x[(1 +
α2κ2ϕ˙2
2
)aγij∂
2γij
+(1− α
2κ2ϕ˙2
2
)a3γ˙ijγ˙ij]. (A5)
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